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Supplementary Figure S1 

Supplementary Figure S1 | Anaplastic meningiomas have a modest point mutation burden relative to other cancers. 
(a) Proportion of substitutions classified according to pyrimidine base change. (b) Protein-coding point mutation burden of anaplastic 
meningioma relative to similar estimates obtained from TCGA datasets for 30 other cancer types. The horizontal axis indicates tumor 
type and number of samples with anaplastic meningioma indicated in red. The vertical axis shows the number of protein-coding 
mutations (Log10). Box plot hinges demarcate the 25th to 75th centiles with median indicated by the middle horizonal line and whiskers 
extending to 1.5 times the interquartile range. Individual points are tumor samples. AM, anaplastic meningioma; TCGA abbreviations
are detailed in Supplementary Table S2.  

a

b



Supplementary Figure S2

a

Supplementary Figure S2 | Mutational signature analysis of anaplastic meningioma. (a) Barplot showing the frequency 
of substitutions classed by trinucleotide context (n = 29 anaplastic meningioma genes). (b) Substitution pattern of extracted 
signatures 1 and 5. (c-d) The absolute number (c) and relative proportion (d) of substitutions contributing to each signature 
per tumor sample (*hypermutator tumor PD23359a).
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Supplementary Figure S3

a

b

Supplementary Figure S3 | Rearrangement burden of anaplastic meningioma. (a) Rearrangement subtypes in 
18 primary anaplastic meningioma genomes classified into four broad categories of structural variant. The horizontal 
axis indicates sample number and the vertical axis shows the total number of rearrangements. (b) Comparison of 
overall rearrangement burden in anaplastic meningioma with 11 other tumor types colour coded according to source 
of data and analysis. Horizontal axis indicates cancer type and number of samples per cohort. Vertical axis shows 
rearrangent number per sample. Box plot hinges demarcate the 25th to 75th centile with median indicated by the 
middle horizonal line and whiskers extending to 1.5 times the interquartile range. Underlying violin plots show the full 
range and distribution of rearrangement burden across each tumor cohort. WTSI, Wellcome Trust Sanger Institute. 



Supplementary Figure S4

Supplementary Figure S4 | Somatic L1 retrotranspositon burden in  anaplastic meningioma relative to 4 other cancer 
types. Distribution of L1 retrotranspositions detected in 19 primary anaplastic meningioma genomes and 198 previously 
published genomes encompassing four tumor types. X-axis indicates cancer type and number of samples in the cohort. Y-axis 
indicates total number of retrotranspositions detected per genome. 
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Supplementary Figure S5 | Circos plots of 31 anaplastic meningioma genomes. (a - f) Paired primary and recurrent tumour(s) from 6 individuals. (g) Three relapse specimens from a patient with no available 
primary tumour. (h - s) Primary tumours without paired recurrences. All substitution mutations are represented by their intermutation distance per chromosome and are color coded according to which base substitution 
(C>A, C>G, C>T, T>A, T>C, T>G). The six concentric circles in each plot, from outermost inwards, represent the human chromosomes, substitutions, insertions, deletions and copy number for each allele. The 
three bar plots to the right of each circos depict, in descending order, substitution mutation trinucleotide context and burden of small indels and rearrangements. 
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Supplementary Figure S6
a b

c

Suplementary Figure S6 | Principal component analysis of anaplastic meningioma transcriptomic data does not 
reveal molecular subgroups defined by clinical features. Samples are indicated with circles (primary tumor) or 
triangles (recurrent tumour) and coloured according to  (a) prior radiotherapy treatment, (b) anatomical location and (c) 
whether de novo presentation or progression from prior grade 1 or grade 2 meningioma. RT, radiotherapy; PC, principal 
component. 



Supplementary Figure S7

Supplementary Figure S7 | All putative driver variants detected in 49 primary anaplastic 
meningiomas. Somatic mutation and promoter methylation data is shown  for 49 primary tumors, 18 
interrogated with whole genome sequencing (discovery cohort), and 31 by targeted sequencing (TGS) 
of 366 cancer genes. All putative driver mutations are shown, including all variants in genes mutated 
in a single tumor. The upper panel indicates chromosome 22q LOH status (where reliably detectable), 
C1/C2 subgroup classification according to gene expression profile, previous radiotherapy treatment, 
and clinical presentation (whether de novo or progression from a lower grade meningioma). The 
barchart to the right indicates the overall frequency of mutations in each gene across all 49 primary 
tumors. WGS, whole genome sequencing; TGS, targeted gene sequencing; LOH,  loss of 
heterozygosity; RT, radiotherapy.
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Supplementary Figure 8

Supplementary Figure 8 | Segregation of 19 anaplastic meningioma samples by methylation profile.
a) Principal component analysis of methylation beta values. Samples are colored according to subgroup derived from gene expression profile. 
For each group a normal data ellipse is plotted; the size of each ellipse is defined as a normal probability equal to 0.68. b) Unsupervised 
hierarchical clustering using methylation beta values with transcriptomic subgroup indicated after the underscore following each sample name. 
The  methylation-based sample groups are defined by the first bifurcation of the dendrogram as M1 and M2. c) Kaplan-Meier curves showing 
overall survival for 19 anaplastic meningioma patients in M1 and M2 subgroups defined by unsupervised hierarchical clustering of methylation 
beta values in (b). Dashes indicate timepoints at which subjects were censored at time of last follow-up. PC, principal component.  
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Supplementary Figure S9

Supplementary Figure S9 | Anaplastic meningiomas demonstrate low NF2 expression 
regardless of NF2 mutation status. Box plots of NF2 expression across 31 anaplastic 
meningomas, 100 primary breast tumors, and 252 cancer cell lines from 13 tumor types. Upper 
and lower box hinges correspond to first and third quartiles, horizontal line and whiskers indicate 
the median and 1.5-fold the interquarntile range, respectively.  Underlying violin plots show data 
distribution and are colour-coded according to specimen source (green, cell line; blue, pimary 
tumor). X-axis indicates tumor type and number of samples in cohort. Y-axis shows NF2 Log10 
TPM value prevalence.  TPM, transcripts per kilobase million; AM, anaplastic meningioma; TNBC, 
triple negative breast carcinoma; wt, wild-type; mt, mutated.



Supplementary Figure S10 

Supplementary Figure S10 | Unsupervised hierarchical clustering and PCA of anaplastic meningiomas using expression level of 6 
transcripts recapitulates C1 and C2 subgroups. (a) Unsupervised hierarchical clustering based on Euclidian distance metric. (b) Unsupervised 
hierarchical clustering based on Poisson distance metric. (c) Principal component analysis; C1 and C2 denote meningioma subgroups identified 
by unsupervised hierarchical clustering approaches. PC, principal component. 
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Supplementary Figure S11

Supplementary Figure S11 | Gene expression profiling aids identifiation of 3 misdiagnosed tumors. Plot of the first 
two principal components representing 38% of the total variance in the transcriptome data set from 34 tumors included in 
the initial cohort. Three tumors from individual PD23348 (primary and two subsequent recurrences) clustered separately 
and were subsequently found to harbour the canonical NAB2-STAT6 gene fusion that is pathognomonic for meningeal 
hemangiopericytomas. PC, principal component. 
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Supplementary S12

Supplementary S12 | APOBEC mutational signature and EML4-ALK fusion identify probably primary lung adenocarconoma metastasis.
(a) Circos plot of PD23354a. All substitution mutations are represented by their intermutation distance per chromosome and are color coded 
according to which base substitution (C>A, C>G, C>T, T>A, T>C, T>G). The six concentric circles in each plot, from outermost inwards, represent 
the human chromosomes, substitutions, insertions, deletions and copy number for each allele. The three bar plots to the right of each circos 
depict, in descending order, substitution mutation trinucleotide context and burden of small indels and rearrangements. (b)  Bar plot of the 
relative contributions of the three predominant signatures identified in the intial tumor cohort. PD23354a (far right) demonstrated strong evidence 
of a signaure attributed to activity of the AID/APOBEC family of cytidine deaminases, and not present to any significant degree in any of the 
other samples.
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Supplementary Figure S13

a b

Supplementary Figure S13 | A hypermutator anaplastic meningioma with near complete loss of heterozygosity. (a) Circos plot of PD23359a, a primary anaplastic 
meningioma with a hypermutator phenotype and extensive loss of heterozygosity. (b) Displayed alongside for comparison is the circos plot of a typical anaplastic meningioma 
(PD23346a). All substitution mutations are represented by their intermutation distance per chromosome  and are color coded according to which base substitution (C>A, 
C>G, C>T, T>A, T>C, T>G). The six concentric circles in each plot, from outermost inwards, represent the human chromosomes, substitutions, insertions, deletions and copy 
number for each allele. The three bar plots to the right of each circos depict, in descending order, substitution mutation trinucleotide context and burden of small indels and 
rearrangements. 


